Abstract-The knee joint of the human body involves both rotation and translation, while the magnitude of anteriorposterior translation during flexion/extension movement of the knee joint is very small compared with the length of the human lower limb. It is, therefore, desirable for an exoskeleton leg to have two degrees of freedom (DOFs) to accommodate the motion of the human knee joint, and for there to be a precision measuring method to obtain its trajectory. This paper presents a novel parallel mechanism which can be used as a precise measuring device to realize closed-loop control for a biologically inspired three-DOF lower limb exoskeleton (BLLE-3) for human gait rehabilitation. In this paper, the mechanical design and kinematics of the exoskeleton are described. Errors of exoskeleton motion are modeled and analyzed. Closed-loop control law is implemented to enable accurate trajectory following the motions of the exoskeleton. Simulations and experimental results are included to show the effectiveness of the new measuring and control method.
I. INTRODUCTION

M
ILLIONS of people worldwide suffer from neurological disorders, such as stroke, Parkinson's disease, and cerebral palsy, which lead to movement problems. These problems not only render the patients incapable of performing normal daily activities, but also have a big impact on their families and social welfare services. As the population ages, more and more patients suffer motor disturbances because of age-related L. Zhou, W. Chen, J. Wang, and Y. Zhang are with the School of Automation Science and Electrical Engineering, Beihang University, Beijing 100191, China (e-mail:, libozhou@buaa.edu.cn; whchen@buaa.edu.cn; jhwangbuaa@126.com; ping0209@163.com).
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diseases [1] . Medical research shows that repetitive and taskoriented functional training can help patients rebuild the relevant functions of the nervous system [2] . Traditional treatments performed by physical therapists and medical personnel are time and labor intensive. By comparison, rehabilitation robots are able to perform gait therapy effectively and economically for physically impaired patients. Furthermore, rehabilitation robots can monitor and assess patients' status with built-in sensors and increase the accuracy of treatment tasks repeated many times. Thus, the need for rehabilitation robots is steadily increasing [3] - [6] . Rehabilitation robots have been developed for either the upper limbs or the lower limbs, and the latter are used mainly for helping patients with lower limb movement dysfunctions. Based on the driving principles, the robots can be grouped into endpoint manipulators and powered exoskeletons [7] . The endpoint manipulators for lower limbs have footplates that are mounted on the robots, such as MGT [8] , GM2 [9] , HapticWalker [10] , and G-EO Systems [11] . They only need to provide foot trajectory in training which indirectly generates joint motions of the lower limbs and not to be accurately aligned with the joints. They also allow dexterous ankle movements for users that are able to move their hip and knee joints by themselves. Therefore, they are effective in encouraging a user's motivation, but the task of maintaining the user's balance is challenging [12] , [13] . Lower limb exoskeletons, such as Lokomat [14] , LOPES [15] , WalkTrainer [16] , ALEX III [17] , ReWalk [18] , and HAL [19] , run parallel to the human lower limbs, with the actuator and sensors installed directly on the joints. These exoskeletons can be controlled separately at joints to meet different rehabilitation training requirements. However, the joint alignment between the human and the exoskeleton is challenging, for reasons of both the exoskeleton design and human joint anatomy. If misalignment occurs, patients will feel uncomfortable [20] .
One of the reasons for misalignment between the exoskeleton and the human is that human joints are complex. For example, the human knee joint, which is considered as a revolute joint in most rehabilitation exoskeleton designs, is a joint involving both rotation and translation. At the knee joint, the center of rotation changes in the process of rotating in the sagittal plane, as shown in Fig. 1 [21] , [22] . Some designs have addressed this problem by adding extra passive degrees of freedom (DOFs) [23] - [25] to adapt to the joint misalignments. However, the joint alignments are uncontrolled, which leads to additional uncompensated mechanical impedance [26] and the efficiency of the force transfer will be reduced. In [27] , a knee exoskeleton with three active DOFs in the sagittal is proposed. It can allow for translations while assisting flexion-extension movement of the knee. The main drawback is the mechanism looks heavy and complex. A biojoint cam mechanism was proposed in [28] . While the mechanism can closely match the motion of human knee joint, an offline adjustment is needed for every individual, which is a tedious process.
Considering that the coupling motions in human knee joints, namely rolling along with sliding motions which are performed by multiple skeletal muscles pulling bones and moving the bones around the surface of the knee joint, a parallel structure (similar to multiple skeletal muscles) will have a special significance in the bionic design of knee joints. To this end, a planar 3-DOF parallel mechanism model has been proposed, in which the hip joint has one DOF and the virtual knee joint has two DOFs in the sagittal plane. The bionic knee joint mechanism is realized by a simple structure with two linear actuators [29] . This mechanism shows some advantages in generating motion matching the human knee joints, but the realization of an accurate trajectory control is challenging for the relative short range of the sliding motion.
It has been noted that the magnitude of anterior-posterior translation of the knee joint is about 19 mm for a healthy human [30] . This is very small compared to the length of a human shank. The amount of translation changes with the flexion and extension angle and the relation between them is unique to every individual, since it strongly depends on the size and orientation of the bones and the shape of articulated surfaces. Therefore, it is desirable to design a two-DOF knee mechanism together with a precise measuring mechanism to obtain the lower limb trajectory. Otherwise, it will be difficult for the exoskeleton to perform a trajectory that can well fit the complex coupled motion of the human knee joint. In this paper, we present a novel and compact lower limb exoskeleton robot, which is built with a three-RPR (Revolute-Prismatic-Revolute pairs) parallel mechanism to generate the coupling motions at the human knee joint and also to measure the trajectories of the human lower limb precisely in order to realize a closed-loop control of the exoskeleton. In this paper, the kinematic design and modeling of the exoskeleton is presented with focus on the three-RPR mechanism. Error models of the exoskeleton are developed. A closed-loop control law of the exoskeleton is developed for precise trajectory control. Simulations are conducted to show the performance of the new design. Experiments on the prototype demonstrate the feasibility of the exoskeleton.
II. KINEMATIC DESIGN AND MODELING
A kinematic representation of the lower limb exoskeleton robot is shown in Fig. 2 . It has a 1-DOF hip joint module and a 2-DOF knee joint module. The hip joint is driven by a linear actuator to complete a pure rotation. As for the knee joint, a parallel mechanism, namely the three-RPR mechanism to generate two-DOF motion, has been designed, as shown in Fig. 3 . Of the three RPR subchains, two are active and used to drive the knee joint movement, while one RPR branch chain is passive and used for measuring the motion trajectory. The exoskeleton design considers the mechanism adjustability to fit people of different sizes. A lead screw nut mechanism allowing the adjustment of the thigh length is shown in Fig. 4(a) . For the adjustment of the shank length, a two-stage adjusting mechanism was designed. As shown in Fig. 4(b) , the adjusting slider can be fixed in different places in the adjusting mechanism to realize a wide range of gross adjustments. Moreover, a guide rail with slider can adapt precisely to different lengths in a short range, as shown in Fig. 4 
(c).
Referring to the kinematic model shown in Fig. 2 (b), l 0 , l 1 , and l 2 are lengths of three actuators, and θ 1 and θ knee = θ 2 − θ 3 are angles of rotation at the hip and knee joints. The fixedcoordinate frame x − O 2 − y is defined with its origin located at point O 2 .
From Fig. 2 (b), we get the solutions of θ 1 and its time derivative.
(1) For the inverse kinematics of the hip joint, we get
where
The position of point O 3 , namely the knee joint driving point can be found as [29] ⎧ ⎪ ⎨ ⎪ ⎩
are the coordinates of points E and G, respectively, and
For the inverse kinematics of the knee joint, we can obtain
T , (4) yields [29] J xẋ = J(5) where
and J q = [
. The overall Jacobian matrix J can be written asq = Jẋ, where J = J q −1 J x . Since matrix J q is not singular, the overall Jacobian matrix for the knee joint is
Moreover, the position of point O 3 can be calculated by (7) with θ 1 , θ 2 , and l FH measured via sensors.
where 3(b) , the rotation angle of the knee joint θ knee is equal to θ 2 − θ 3 . As the magnitude of the anteriorposterior translation during flexion/extension movement of the knee joint is very small (about 19 mm) compared with the length of the human lower limb, we can infer that the value of θ 3 will also be very small. As θ 3 is close to zero, θ 2 is nearly identical to θ knee .
III. ERROR MODELING AND ANALYSIS
A rehabilitation exoskeleton commonly needs to move in accordance with a predefined trajectory. In a closed-loop control, we need to obtain in real time the actual trajectory during movement. For this purpose, an absolute angle encoder is installed at the hip joint to obtain the actual value of θ 1 . At the knee joint, because the magnitude of anterior-posterior translation is very small compared with the length of the shank, a precise measurement is necessary. In this section, errors in the knee joint part will be analyzed.
Due to clearance and installation errors in the revolute joints, there are errors between the theoretical and actual dimensions and parameters [31] . As shown in Fig. 5 , the dashed lines stand for the theoretical mechanical parameterizations and the solid lines for the actual mechanical ones. (Δs x , Δs y ) and (Δz x , Δz y ) are geometric errors in points E and F, respectively. These errors are mainly due to assembly and manufacturing errors. Their effect on accuracy is usually measurable and repeatable, and thus can be eliminated by adjusting the parameters. Δβ 1 , Δβ 2 , and Δθ 2 are angle errors that are mainly due to clearances in the prismatic and revolute joints. Their influence on accuracy is not repeatable and they are difficult to model and eliminate. However, we tried to reduce their effect on accuracy.
A. The Original Measurement Method
A measuring method was proposed in [29] , as shown in Fig. 6 . We first briefly presented the error model of this method to pinpoint the limitation of this method, prior to introducing our new solution.
Two absolute angle encoders are installed at joints located at E and G, from which angles β 1 and β 2 can be obtained, which yield further the values of l 1 and l 2 as
where δ = π − β 1 − β 2 , and l GE is the length of GE.
The location of O 3 is found by
with
are the position coordinates of points E and G, respectively.
Equations (8) and (9) yield
Any of the two subchains (i = 1, 2) can yield the position coordinates of point O 3 , and makes no difference in error analysis. Here, we select the first chain (i = 1).
Upon differentiation of (10), the positioning error of point O 3 is obtained as
T is the positioning error of point O 3 , Δs is the position error of point E. As Δl GE , Δα 1 , and Δs are geometric errors and they can be eliminated by adjusting the parameters. To simplify the analysis, only Δβ 1 and Δβ 2 are taken into consideration for further analysis. Equation (11) can be reformulated as
that is,
B. Measurement Method With Enhanced Accuracy
A new measurement method is proposed in connection with the three-RPR mechanism, as shown in Fig. 7 . An absolute angle encoder is installed at the joint located at F and a grating encoder Upon differentiation of (7) 
C. Analysis of the Error Model
The measurement error of the knee joint driving point O 3 depends on the sensor accuracy and is associated with the Jacobian matrix.
The determinants of the Jacobian matrices J and H are given as
It can be seen from (13) and (17) that the magnitude of the errors Δd is affected by the determinants of J and H that signify the ratio of the output and input errors. To avoid configuration singularity, |J | = 0, which requires sin β 1 = 0. From (19), we know that if δ → 0, |J | → ∞. Thus, (13) implies that if there is a small change in Δq, there will be a large change in Δd. On the contrary, the determinant of H is bounded, (17) implies that the error Δd can thus be controlled in a certain range acceptable for the system.
Turning to (10), we can see that the values of sinβ i , cosγ i , and sinγ i are bounded. In order to make the exoskeleton compact, l GE should be small. Therefore, the value of 1/ sinδ should be large enough to satisfy the working stroke of point O 3 . In order to realize this, δ should be small, but this leads to the result Δd being sensitive to Δq. As the Jacobian matrix H is not singular, the value of Δd is not sensitive to Δp.
To further simplify the error analysis, all the sensor inaccuracies are assumed to be identical, that is, Δβ 1 = Δβ 2 = Δθ 2 = Δϕ. Therefore, the measurement error by the original method is given as
The measurement error by the new method is
The position error of point O 3 can be defined as
The ratio k of the error magnifications between the new and original measurement is given as
Combining (21)- (24), the ratio k can be obtained as
We assume that l H O 3 Δϕ and Δl FH are equal in magnitude, which leads to As both C 1 and C 2 are bounded, if δ is small enough, the ratio k will be near zero. This implies that the new measurement method leads to smaller error than the original one.
With these error models, simulations based on MATLAB/ SimMechanics were conducted. Details of these are described in Section V, where the advantages of the new measurement method are presented.
IV. CLOSED-LOOP CONTROL LAW OF THE EXOSKELETON
A closed-loop control of the exoskeleton has been implemented. A proportional-integral-derivative (PID) controller has been developed, as shown in Fig. 8 .
The actual trajectory of the exoskeleton is measured by sensors. According to the error analysis in Section III, there are discrepancies between the measurement trajectory and the actual trajectory which is expressed as Δl i in Fig. 8 . These discrepancies will lead to inaccurate signals in the exoskeleton closed-loop control.
The PID controller is (27) where K p , K i , and K d are the proportional, integral, and differential gains. In this exoskeleton, the motion error is defined as
where l i Ref and l i Meas , i = 0, 1, 2, are the reference and measured trajectory of the three linear actuators, respectively. l i Meas is given as
where l i act. , i = 0, 1, 2, is the actual lengths of actuation. Δl i , i = 0, 1, 2, is the measurement error of the lengths of actuation. l i Meas , i = 0, 1, 2, is obtained by inverse kinematic calculation of the exoskeleton, as shown in (2) and (4).
Equations (28) and (29) yield
V. SIMULATIONS WITH MATLAB/SIMMECHANICS
The mechanism model of the exoskeleton was built in SolidWorks, as shown in Fig. 9 . The model is then imported into SimMechanics. In the simulation model, the input signals are the trajectories of the three actuators generated by MATLAB according to the general human gait [32] . The exoskeleton will move in a humanized way which considers the bionic knee joint under these trajectories. Details of this exoskeleton and gait will be described in Section VI. Because the actuators for the hip joint and knee joint are independent, as analyzed in Section III, the effect from the hip joint part is eliminated and the value of θ 1 is considered as zero.
A. Simulations With the Original Measurement Method
With the original measurement method, β 1 and β 2 are measured by angle sensors, and then the lengths of l 1 and l 2 , and the position of O 3 can be calculated by using (8) and (10) . As analyzed in Section III, measurement errors exist. Thus, we apply sinusoidal disturbing signals in the simulation to simulate this condition. The amplitudes of both signals are 0.01 rad (0.57°), and the frequencies of the two signals are 3 and 1 Hz, respectively. The simulation results are shown in Fig. 10 .
B. Simulations With the Alternative Measurement Method
With the alternative measurement method, the values of θ 2 and l FH can be obtained with the help of an angle sensor and a grating sensor. The same disturbing signals as described in the previous section are added to this simulation. The amplitudes of angle errors are set to 0.01 rad, and the amplitudes of length errors are 1 mm. Simulation results are shown in Fig. 11 .
C. Analysis of the Simulation Results
The simulation results for the original method in Fig. 10 shows that although the disturbances are very small (less than 0.57
• ) in the sensors, the measurement errors of lengths l 1 and l 2 and position O 3 are very large. In the simulated case, the maximum error is equal to 96.7 mm, which is not acceptable.
With the proposed method, the measurement errors of lengths l 1 and l 2 and position O 3 are significantly reduced, as shown in Fig. 11 . For the simulated case, the maximum error is 4.2 mm, which is considerably improved and acceptable, comparing with the original method.
This improvement agrees with the analysis of the error models in Section III. The measurement errors Δl i with the alternative method are far less sensitive to the disturbances than with the original method. Therefore, it is reasonable to draw the conclusion that the proposed alternative measurement method is more suitable for a better control of the exoskeleton than the original method.
VI. EXPERIMENTS
An experimental system of the BLLE-3 was developed, as shown in Fig. 12 . It includes a host computer, a target computer, a body weight support, a treadmill, and the exoskeleton. High level control of the exoskeleton is implemented via a user interface running on the host computer. The desired trajectory is generated and transferred to the target computer by the host computer. The target computer consists of a digital signal processor (DSP) and a field-programmable gate array (FPGA). The DSP is used to control the motors via a controller area network field-bus. It also communicates with the host computer by a serial port communication. The FPGA is used to process the data from the sensors and to communicate with the DSP by a parallel port communication. The exoskeleton includes two limbs. One is developed as shown in Fig. 13 , which can be considered as the bionic knee joint exoskeleton, and the other is designed to be similar to the Lokomat [14] , the hip and knee joints of which are actuated and considered as a rotation DOF. The two limbs are designed differently for different testing in the future. The bionic knee joint exoskeleton has three 17-bit absolute encoders (AD36/1217AF. ORBVB, Hengstler, Germany), one grating sensor (O. P. S. Series 20, MicroE Systems, USA), three linear actuators with 500 CPT embedded encode sensor (RE50, Part Number: 370356, Maxon DC motor, Switzerland) and three motor drives (Accelnet Micro-Panel, ACJ-055-18, Copley, USA). Encoder 1 is used for recording the angle of the hip joint and Encoders 2 and 3 together record the angle of the knee joint. The length of the shank is measured by the grating sensor. This exoskeleton leg fits patients from 1.60 to 1.90 m tall, which covers more than 90% of corresponding adult males [33] , with a maximum body weight of 100 kg. The exoskeleton is designed according to the statistics in which the normal ranges of walking are about 20°in flexion and 30°in extension for the hip joint, and about 60°in flexion and 0°in extension for the knee joints [32] . The specifications are applicable for walking on level ground and the influence of terrains such as slope or stairs [34] is not considered in this paper.
A. Experimental Setup
Experiments were conducted to demonstrate the functionality of the new system. Two healthy subjects (A and B, age 23 and 25, weight 65 and 68 kg, height 179 and 180 cm) were recruited for path-tracking experiments. Written consents were obtained from them. Each subject was instructed to conduct three different trajectories. For safety reasons, the maximum speed and acceleration of the actuators are limited by the software and the exoskeleton will stop moving if the interaction force between the exoskeleton and the wearer is greater than an allowable value. Besides, the subjects were allowed to shut off the power with an emergency stop if they needed to do so at any time, as shown in Fig. 12 .
Trajectories for the hip and knee joints are defined according to the statistical data of general human gait [32] . For the first path L 1 , the knee joint is considered as a pin joint, thus the length of F H is fixed. For the other two paths L 2 and L 3 , the bionic knee joint is taken into consideration, and the F H length changes with the angle θ 2 .
Path L 2 follows a trajectory defined with 
Moreover, path L 3 follows another trajectory defined with
where l FH unit is m, and θ 2 unit is in radian, and l 0 is the initial length of FH when θ 2 = 0. l 0 is set as 0.375 m for subject A and 0.376 m for subject B.
The reference trajectories for the three linear actuators can be obtained by kinematical calculation as analyzed in Section II. During the experiment, θ 1 , θ 2 , and l FH values were obtained by encoders 1 and 2 and the grating sensor, respectively. Then, the actual trajectories of the three linear actuators were calculated by kinematical solutions. The exoskeleton was controlled by the closed-loop control law with a PID controller, as shown in Fig. 8 .
B. Experimental Results
A good agreement between the reference and real trajectory shows the effectiveness of the new measurement and control method. Typical trajectory's tracking results are shown in Fig. 14 . The maximum errors of θ 1 and θ 2 are less than 0.0279 rad (1.6°), and the maximum error of l FH is less than 1.2 mm.
The main feature of BLLE-3 is the bionic knee joint design which can suit the knee joint translation and the rotational movement. This feature is achieved by the adjustment of l F H according to the knee joint rotation angle θ 2 . The length adjustment error in path tracking is defined as
where l FH (θ 2 (t)) is the reference value of l FH according to the actual knee joint angle θ 2 , and l FH act. is the actual length of F H during the leg motion. The error of varying length l FH in the motion assistance task is shown in Fig. 15 . The maximum error is 0.723 mm.
The varying length l FH tracking errors in all tasks are listed in Table I . As it shows, most tracking errors are within 0.3 mm and the maximum error is 0.976 mm. 
VII. DISCUSSION
It has been noted that experiments on Lokomat show that the mean value of misalignment between the human and exoskeleton knee joints in the sagittal plane is about 12 mm, and the maximum misalignment can exceed 20 mm over the mean gait cycle [35] , [36] . With our design, a significant reduction in the misalignment can be expected. It is noted that the current results are not able to show directly the actual misalignment due to a lack of experimental conditions in which we could detect the skeletal positions of the human lower limb. Further testing in collaboration with doctors in clinical labs should be considered for this purpose.
The three-RPR parallel mechanism uses two linear actuators to adapt to the knee joint misalignment. Compared with most lower limb exoskeletons in which the knee joint has been designed to be a pin joint, the new exoskeleton can potentially overcome the knee joint misalignment problem. However, this new design makes the whole system more complex. Fortunately, as shown in Fig. 12 , for our treadmill-based exoskeleton, the weight of the exoskeleton can be passed to the ground by the base. Besides, the control of a 2-DOF parallel mechanism is also a mature technology. Thus, the inclusion of an additional actuator for the knee joint does not create much difficulty for both the control and the cost of the exoskeleton.
In this paper, the three-PRP parallel mechanism is analyzed with geometric approach. It can also be analyzed algebraically by resorting to other approaches with multiloop kinematic chains or multibody kinematics [37] . All approaches can readily yield the same kinematic solutions.
From the experiment, it can be seen that the coupling motion trajectory of the human knee joint is hard to generate to ensure there is no relative displacement between the exoskeleton and the wearer during the gait cycle. To overcome this problem, a two-level structure controller is proposed for future implemen- tation, as shown in Fig. 16 . In the high-level, interaction force (especially parasitic force) will be used as one of the main control signals, and the trajectories will be adjusted online. The low-level will direct the exoskeleton to follow the reference trajectories transferred from the high-level. It will be an interesting task in future works to determine the trajectories according to the interaction force.
As seen in Fig. 16 , it is a two-level structure controller. The low-level is responsible for executing the trajectories transferred from the high-level. Thus, a position controller in the low-level is workable for the control. While the high-level is to generate the reference trajectories, a force controller will be considered in the high-level for the generation of a suitable trajectory for the wearer. In this paper, our focus is on the low-level, and a PID-based position controller has been developed for precise trajectory control. Further work about the high-level controller and the force feedback information will be taken into consideration.
VIII. CONCLUSION
This paper presents a biologically inspired lower limb exoskeleton which can fully accommodate the movement of the human knee joint for human gait rehabilitation. The exoskeleton was built with a three-RPR parallel mechanism which was used as a precise measurement mechanism to obtain the trajectory of the lower limb to perform a closed-loop control. Error models of the exoskeleton were built and analyzed. A closed-loop control law was developed for a precise trajectory control. Simulations with MATLAB/SimMechanics have shown that the new measurement method enhances performance of the trajectory tracking. Experimental results have demonstrated the effectiveness of the new measurement and control method.
A major contribution of the work lies in the new mechatronic design of the exoskeleton leg, which incorporates parallel kinematics and precision measurement with error analysis. This enables a precise closed-loop control for trajectory tracking. The new design improves physical human-robot interaction with a better alignment between the human and exoskeleton joints.
Another contribution of this paper is the experimental validation of the accurate trajectory control for rehabilitations, which justifies the potential in improving trajectory tracking performance with the new system. Future work will focus on dynamics and human-exoskeleton interaction analysis. The interaction force between the human lower limb and the exoskeleton will be obtained and analyzed. Motion trajectories will be determined online to adapt them to the joint misalignments. sEMG signals will also be measured in order to assess patients' conditions.
